• ... • 



T OW WORK FUNCTTON STJRFAC F T AYFRS PRODUCED BY 
T ASFR ABLATTON TTSTNG SH ORT-WAVELF.NGTH PHOTONS 

The United States Government has rights in this invention 
pursuant to Contract No. W-7405-ENG-48 between the United States 
Department of Energy and the University of California for the operation of 
Lawrence Livermore National Laboratory. 

BACKGROUND OF THE I NVENTION ^^^^ ' ^ 

The present invention relates to forming low work fxinction layers, 
particularly to producing low work function surface layers on a substrate, and 
more particularly to a process and apparatus for forming low work function 
surface layers by laser ablation using short-wavelength photons. 

Electron emission from sharp tips due to an applied electric field is 
an important phenomenon in many technical applications, such as scanning 
tuimeling microscopy and flat panel display technology. In all such 
applications and, in particular, the two-referenced above, it is important that 
the tips have low work functions, are smooth on the nanometer scale, and 
are stable in varying gaseous environments and imder high electric field 
conditions. 
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It is well known that alkali metal oxides or alkali-metal-silicon 
oxides on elemental or oxide substrates, show low work functions (~leV) (see 
Handbook of Thermionic Properties by V. S. FomerOco, G. V. Samsonov ed.. 
Plenum Press Data Division, New York, 1966). Layers of such materials have 
been applied in the prior art as pastes to be "activated" by various procedures. 
However, such activation procedures carmot be used for micro-meter-scale 
protrusions, for example, to be used as field-emitter tips. 

It has been found that laser ablation can be performed on targets of 
arbitrary composition, even on materials of extremely high melting point, 
such as thorium oxide, and the deposition process is directly in line of sight 
from the laser impact point so that complicated structures, such as field 
emitter structures, can be coated at desired locations. Based on these findings, 
the present invention has been developed which involves a process and 
apparatus for producing low work fimction surface layers on substrates by 
laser ablation using short-wavelength (at or below visible wavelength) 
photons from low work function targets. The elemental composition of the 
deposited layer is controlled by the composition of the target and the gaseous 
environment in which the ablation process is performed. 

STTMMARY OF THE INVENTION 
It is an object of the present invention to provide surface layers of 

low work function material. 

A further object is to provide a method and apparatus for depositing 

low work function material on a substrate. 

A further object of the invention is to provide low work function 

surface layers by laser ablation. 
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Another object of the invention is to provide a process and 
apparatus for producing low work function surface layers by laser ablation 
using short-wavelength photons. 

Another object of the invention is to provide a process and 
5 apparatus for depositing low work function material wherein the elemental 
composition of the deposit is controlled. 

Another object of the invention is to provide a process for 
depositing low work function material on a substrate and controlling the 
composition of the deposited material by the composition of a laser ablated 
=40 target and the gaseous environment in which the ablation is performed. 
S Another object of the invention is to provide sharp tips utilized in 

y electron emission devices with a material having low work functions, and is 

yi 

stable in varying gaseous environments and imder high electrical field 

W 

=P conditions. 

015 Other objects and advantages of the present invention will become 

U apparent from the following description and accompanying drawings. The 

□ invention involves depositing low work function surface layers by laser 

^ ablation using short-wavelength photons. The short-wavelength photons are 

at or below visible wavelength. The elemental composition of the deposited 
20 low work function material is controlled by the composition of the laser 

ablated target, the temperature of the substrate, and the gaseous environment 
in which the ablation process is performed. The target material is_ mounted at 
an angle on a rotatable holder and the substrate on which the deposit is to be 
made is mounted on a holder that can be rotated, tilted, heated, and cooled. 
25 The apparatus may also include an ion gun for surface cleaning of the 

substrate, a gas generator for producing a flow of molecules directed at the 
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substrate, and a supply of gas to control the enviroiunent which may be made 
reactive or changed into radicals on the way to the substrate's surface. Since 
the substrate can be both rotated and tilted, the ablated material from the 
target may contact the substrate at various angles, thus enabling, for example, 
5 the coating of a sharp tip of a field emission device with a desired low work 
function material. For example, a barium/Si02 glass was ablated onto a 
substrate using ns-long laser pulses of short-wavelength photons, and the 
work function of the deposited layer was found to be close to the work 
function of the barium metal oxide target. For example, the laser ablation 
=10 may be carried out using an exdmer laser or a frequency tripled NdYAG laser. 
J The invention thus has many applications, such as coating electron-emitting 

y surfaces (e.g., filaments, field emitters) for electron microscopes or flat panel 

LI 3 

H displays; or for scanning more microscope tips to reduce work function. 

O BRIEF DESCRIPTION OF THF DRAWINGS 

The accompanying drawings, which are incorporated into and form 
015 a part of the disclosure, illustrate an embodiment of the invention and, 
™ together with the description, serve to explain the principles of the invention. 

Figure 1 schematically illustrates an embodiment of an apparatus 
for carrying out the process of depositing low work function surface layers by 
laser ablation in accordance with the present invention. 
20 Figure 2 schematically illustrates a portion of the apparatus of 

Figure 1 for depositing a surface layer of low work function material on the 
tip of a field emitter structure. 
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The present invention is directed to depositing low work function 
material on a surface by laser ablation using short-wavelength photons. The 
short-wavelength photons are at or below visible wavelength and thus are in 
the range of 200 to 550 run. The elemental composition of the deposited low 
work function layer can be controlled by the composition of the laser ablated 
target and the gaseous environment in which the ablation process is 
performed. The invention is particularly applicable for use in fabricating 
devices using electron emission from sharp tips, such as in tunneling 
microscopy and flat panel display technology, wherein it is important that the 
tips: (1) have low work functions, (2) are smooth on a nanometer scale, and 
(3) are stable in varying gaseous environments and under high electric field 
conditions. Tests have established that each of these three (3) properties has 
been achieved by the process and apparatus of the present invention. Since 
laser ablation can be performed on targets of arbitrary composition, even on 
materials of extremely high melting point such as thorium oxide, and since 
here the target is rotated and the substrate to be deposited on can be r otate d, 
tilted, heated, andcooled; and since the deposition process is directional in 
line of sight from the laser impact point, the low work function material can 
be deposited on essentially any shaped substrate of various materials. The 
lasers utilized for producing the desired short-wavelength photons include 
excimer lasers and frequency tripled NdYAG lasers. For example, an Xe 
excimer laser producing pulses in the 10 to 30 r\s length, and which operates 
at a wavelength of 308 nm with an energy fluence of 0.5 J/ pulse, has been 
utilized to ablate a barium metal oxide target to deposit a layer of 
barium/Si02 glass onto a substrate, and tests established that the work 
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function of ihe deposited layer was close to the work function of the barium 
metal oxide target. 

The objective of the present invention is to create at the surface of a 
substrate a layer having a work function different from that of the substrate by 
laser-ablating a material of the desired composition onto the substrate of 
interest. The composition of the deposit is to be controlled by the ablation- 
target's composition, target's temperature, and by the composition of the 
environment in which the ablation process occurs. Thus, using the same 
target composition and changing the CQmppsition of the environment, 
different compositions of the deposited material may be provided. 

In the particular implementation of the invention to 
experimentally verify the deposition process, the substrate to be surface- 
modified was introduced into a deposition chamber that could be evacuated 
to ultra high vacuum (UHV) conditions or filled with suitable gases from an 
exterior supply line. The target material was mounted onto a holder that 
spir\s the target during laser deposition so that subsequent pulses hit different 
target spots. The substrate is moimted onto a device that can heat or cool it 
over a wide range of temperatures, spin the substrate during a series of 
deposition pulses, and tilt/spin the substrate during deposition. Alternative 
other means (such as a laser) can be employed to change the substrate's 
surface temperature by delivering energy to it from the outside of the 
chamber. The substrate can be made to face, simultaneously or separately, a 
variety of devices for cleaning or processing the substrate surface, such as a 
Knudsen cell capable of generating a flow of molecules directed at the surface 
or an ion gun. Naturally occurring surface contaminations, such as the 
surface oxide, were removed by heating the substrate such that the 
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contamination volatilizes or is "burned" by the introduction of a suitable 
reactive gas from the outside, or/ and by simultaneous ion bombardment 
with suitable noble gas ions. Gases introduced from the outside may be made 
more reactive by dissociating them or changing them into radicals on their 
way to the substrate's surface. Surface cleanliness may be monitored in situ 
by instrumentation, such as an Auger Analyzer. The simultaneous use of all 
or some of these tools makes it possible to controUably create surface layers 
containing elements introduced from interior and exterior gas sources and 
the ablation target. Thus a wide range of surface-layer-compositions can be 
produced. For example, as pointed out above, a barium/Si02 glass was 
ablated onto a substa:ate and tiie work function of the surface layer thus 
deposited was measured by photoelectron spectiroscopy and Kelvin Probe, and 
it was found to be close to the work function of the barium metal oxide target 
which was ablated onto the substrate. 

Figure 1 illustrates an embodiment of an apparatus which includes 
components that can be utilized to produce or deposit a variety of 
compositions of low work function material from the same target on a 
substrate. As shown, the Figure 1 apparatus comprises a deposition chamber 
10 having a window 11 therein through which an externally located short- 
wavelength laser 12 directs pulses of energy indicated at 13 onto a target 14 
retained by an ablation target holder 15 located in deposition chamber 10, and 
which may be rotated as known in the art by drive means indicated at 15'. 
Located externally of and operatively connected to deposition chamber 10 is a 
vacuum pump 16 capable of evacuation of chamber 10 to ulhra high vacuum 
(UHV) conditions, if desired. Also located externally is an exterior supply of 
gas 17 to which is connected a gas doser 18 (with atomizer and radical 
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generator) located withii\ deposition chamber 10 and constructed, as indicated 
at 19, to direct gas onto a substrate 20 on which low work function material is 
to be deposited. The substrate 20 is mounted to a substrate holder 21, which is 
connected to a driver 22 located externally of deposition chamber 10, whereby 
the holder 21 can be rotated, tilted, or tilted and rotated. The substrate holder 
21 is also connected to means indicated generally at 23 and located externally 
for heating or cooling the substrate 20. Drive mechanisms for rotating a target 
and for rotating/tilting a substrate holder and means for heating/ cooling a 
substrate are known in the deposition art and thus need not be herein 
desCTibed in detail. Located within deposition chamber 10 are an ion gun 24 
for surface clearung the substrate 20, as indicated by arrow 25, and a gas 
generator 26 for producing a flow of molecules on the surface of the substrate 
20, as indicated by arrow 27. The ion gun 24 and gas generator 26 may be 
located externally of chamber 10, with operungs provided in the chamber to 
enable treatment of the substrate thereby. 

As shown in Figure 1 and after the surface of substrate 20 has been 
cleaned, the composition of the environment within deposition chamber 10 
has been determined and established, and with the ablation target holder 15 
and substrate holder 21 rotating, pulses of laser energy 13 from short- 
wavelength laser 12 are directed through window 11 onto rotating target 14, 
whereby material is ablated from the target 14 onto the surface of substrate 20 
as indicated by arrows 28, whereby a layer of low work function material from 
target 14 is deposited on substrate 20. 

By way of example, the substrate 20 may be composed of glass, 
plastics, ceramics, semiconductor materials such as Si and GaAs, or metal; the 
target 14 may be composed of barium metal oxide or an alkali metal oxide; the 
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exterior gas supply 17 may contain oxygen, ozone, or water vapor. The gas 
generator 26 may be constructed to produce molecules of oxygen, atomic 
oxygen, hydrogen, or alkali metal vapor. The target holder 15 may be rotated 
at 1 to 10 rpm, and the substrate holder 21 may be rotated at 1 to 10 rpm and 
tilted at an angle of 0 to 90*^. The substrate holder 21 may be constructed to 
enable heating of the substrate 20 to up to 500° C, or cooled to liquid nitrogen 
temperature (77°C). The short-wavelength laser may be an NdYAG laser or 
an excimer laser, with the short-wavelength being in the range of 200 to 
550 nm, with the laser pulse being of a length of 6 to 60 nanoseconds, with an 
energy fluence of 0.2-5 J/ pulse. 

As a specific example, a target of barium oxide doped in Si02 
(dopant level: 10->20%) was ablated by an Xe type excimer laser producing 
30 ns pulses of 308 nm wavelength photons onto a silicon substrate, the 
substrate preparation (cleaning) and the environment conditions within the 
deposition chamber were as follows: 

The Si substrate was first sputtered clean by an Ar ion current of 100 
nA at 5 kV for 15 minutes, then flash-heated to lOOO'C. The deposition 
chamber was initially pumped to 10-8 Torr before oxygen was leaked into the 
system up to 10-2 Xorr. At this moment, the excimer laser beam was focused 
to a spot of about 0.5 mm in diameter on the barium silicon oxide target. 
Operating the laser with a fluence of 0.5 J/ pulse at 1 Hz for 20 seconds yielded 
a deposition layer of about 2.5 nm on the Si substrate. The substrate to target 
distance was about 25 cm. 

In another example of the process of the invention, a 2 nm barium- 
silicon-oxide layer was deposited on a Mo substrate cleaned and ablated as 
follows: 

t 
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The Mo substrate wa s first sputtered clean by an Ar ion current of 
100 nA at 5 kV for 15 minutes, then flash-heated to 1200*0. The deposition 
chamber was initially pumped to 10*10 Torr before oxygen was leaked into the 
system up to 10"3 Torr. Operating the laser in the 4th harmoruc (266 nm) 
with a fluence of 0.35 J/pulse at 10 Hz for 2 seconds yielded a deposition layer 
of about 2 nm barium oxide on the Mo substrate. The substrate to target 
distance was about 30 cm. 

As pointed out above, the apparatus and process of the invention 
has application for the fabrication and /or coating of electron-emitting 
surfaces, or modifying surfaces such that they do easily emit electrons, or 
coating scanning probe microscope tips to reduce work-function. Figure 2 
illustrates an example of the process for coating an electron-emitting surface 
utilizing the apparatus of Figure 1. As shown in Figure 2, a substrate 
(electron-emitting surface) 30 is mounted on a substrate holder 21' driven 
(rotated and/or tilted) by a driver mechanism 22", and a mask or barrier plate 
31 having an opening 32 is positioned adjacent the tip 33 of substrate 30, 
whereby the tip 33 is coated at 34 with a low work function material laser 
ablated from a target, as indicated by arrow 36. Due to the angle or orientation 
of the laser plume indicated by 37, the arrow 36, the substrate 30 is tilted and 
rotated such that the ablated material passes thorough opening 32 in barrier 
or mask 31 onto tip 33 of substrate 30, whereby only the tip 33 is coated by the 
ablated material 36, the area of barrier 31 around opening 32, indicated at 38, 
prevents the body of substrate 30 from being coated. 

It has thus been shown that the present invention produces low 
work function surface layers by laser ablation using short-wavelength 
photons. The composition of the surface layers of low work function 
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material can be controlled by the composition of the laser ablated target and 
the gaseous envirormient in which the ablation process occurs. Electron- 
emitting surfaces (filaments, field emitters, etc.) having sharp tips, for 
example, can be produced wherein the tips have low work functions, and are 
stable in varying gaseous environments and under high electric field 
conditions. Thus electron-emitting devices coated by the process of the 
present invention find applications in scarming tunneling microscope and 
flat panel display technology, for example. 

While a particular apparatus and particular process operations, 
along with materials, parameters, etc., have been described or illustrated to 
exemplify and teach the principals of the invention, such are not intended to 
be limiting. Modifications and changes may become apparent to those skilled 
in the art, and it is intended that the invention be limited only by the scope of 
the appended claims. 



